Purpose: To determine whether repeated seizures contribute to hippocampal sclerosis, we investigated whether cell loss in the (para) hippocampal region was related to the severity of chronic seizure activity in a rat model for temporal lobe epilepsy (TLE).
Since the discovery that a specific neuropathologic syndrome of temporal lobe epilepsy (TLE) is associated with hippocampal mesial sclerosis, there has been a controversy whether the sclerosis is the cause or consequence of repeated complex partial seizures [reviewed in (1, 2) ]. Various reports on experimental TLE models, in particular the kindling model, suggest that repeated seizures cause progressive hippocampal damage (3, 4) . However, the kindling model is a model for repeated seizures in which seizures are triggered by electrical stimulation, whereas spontaneous seizures are rarely recorded. Moreover, kindling-induced damage is relatively mild, and the claim of cell loss due to repeated seizures is not always confirmed when cell densities are taken into account (5, 6) . Previous research in animal models in which chronic seizures developed after a pharmacologically or electrically induced status epilepticus (SE) have shown that extensive cell death occurs almost immediately after the SE in various brain regions (7) (8) (9) . However, studies that investigated the effects of chronic seizures on cell death have relied mainly on morphologic/stereologic measurements (10, 11) , so that subtle seizure-induced cell loss might have remained undetected.
In this study we used the post-SE model in which an SE was induced by electrical stimulation of the angular bundle (12) . By using continuous hippocampal EEG monitoring, we reported previously that the SE can produce two types of epileptic evolutions in the rats: (a) epileptic rats that display an increasing number of seizures after a latent period, called "progressive post-SE rats" (p-SE); and (b) epileptic rats that display only occasional spontaneous seizures without an increase in seizure frequency for Ն5 months after the SE, called "nonprogressive post-SE rats" (np-SE) (12) . These two different groups offer the possibility to test the hypothesis that the number and frequency of spontaneous recurring seizures contribute to cell loss.
To investigate whether repeated spontaneous seizures contribute to the specific neuropathology, we used two different markers to detect neuronal loss/damage in combination with cell density counts (Nissl stain): terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end-labeling (TUNEL), which identifies apoptotic and necrotic neurons in situ, and Fluoro-Jade (FJ) staining that shows degenerating neuronal cells (13) . With these methods, we determined the spatiotemporal relation between the extent of cell death during the chronic epileptic phase and the frequency of seizures on the one hand, and the duration of the initial SE, on the other.
MATERIALS AND METHODS

Experimental animals
Male Sprague-Dawley rats (Harlan CPB laboratories, The Netherlands) weighing 350-450 g were used in this study. The rats were housed in individual cages under a controlled environment (21 ± 1°C; humidity, 60%; lights on, 08.00-20.00 h). Food and water were available ad libitum. To record hippocampal EEG and to stimulate the angular bundle, a pair of insulated stainless steel electrodes was implanted under electrophysiologic control by using the following coordinates: 3.9 mm anteriorposterior (AP), −3.5 mm dorsoventral 1.7 mm mediolateral, nosebar -3.9 mm, for recording. For stimulation of the angular bundle, a pair of stainless steel electrodes was implanted (7.2 mm AP, 4.5 mm mediolateral). After the electrode implantation, the rats were individually housed for Ն2 weeks to recover from the operation. The rats were then transferred to the EEG recording cage, and a week after habituation to the new condition, the rats underwent a series of tetanic stimulations (50 Hz) of the hippocampus in the form of a succession of trains of pulses, each of 13 s. Each train had a duration of 10 s and consisted of biphasic pulses (pulse duration, 0.5 ms; maximal intensity, 500 A), similar to the protocol of Lothman et al. (14) . During the electrical stimulation, the behavior of the rat was observed, and stimulation was stopped when the rats displayed sustained forelimb clonus and strong salivation for minutes. This behavioral condition was usually reached within 1 h; if not, stimulation was continued, but it never lasted >90 min.
Differential hippocampal EEG signals were amplified (10×) via an FET transistor that connected the headset to an amplifier (50×; CyberAmp; Axon Instruments, Burlingame, CA, U.S.A.), filtered (1-60 Hz) and digitized by a Pentium computer. A seizure-detection program (Harmonie; Stellate Systems, Montreal, Quebec, Canada) sampled the incoming signal at a frequency of 200 Hz per channel, but because seizures were sometimes missed by automatic detection software, we recorded the EEG continuously. Every 24 h, recordings were interrupted briefly to transfer previous day's recordings to a central review computer. EEG recordings were reviewed afterward to quantify seizure frequency and seizure duration and stored on compact disks; this procedure was repeated daily until the rats were killed for histologic and immunocytochemical processing. The length of the electrographic seizures was measured by using the duration cursor in "Reviewer" software (Stellate Systems). Additional information concerning behavioral seizure activity was obtained by using videomonitoring. Days before killing, a video recording was made of each rat during 6 h, and the behavior during an electrographic seizure was scored according to the scale of Racine (15) . Behavioral scoring also was performed when seizures were observed during the daily transfer of EEG recordings.
Usually, immediately after the termination of the stimulation, periodic epileptiform discharges (PEDs) at a frequency of 1-2 Hz were evident in the hippocampal EEG. If these rats displayed PEDs for Ն4 h without interruption after the electrical stimulation, we considered that the rats belonged to the SE group. Note that we did not include in this definition a criterion regarding the occurrence of behavioral seizures, because the latter could have a variety of forms of appearance whereas the EEG criterion was more reliable. Rats were intraperitoneally injected with pentobarbital (Nembutal; Sanofi Santé B.V, France; 60 mg/kg) 4 h after termination of the tetanic stimuli to avoid a severe and prolonged SE possibly leading to death. After recovery from the anesthesia (1-2 h), PEDs could still continue for many hours, but at this time, rats only showed several behavioral seizures. Rats in which the electrical stimulation did not induce SE were defined as belonging to the non-SE group. These rats experienced several stage IV-V seizures during stimulation but not immediately thereafter; after a latent period of about a month, a seizure is registered occasionally (12) . Sham-operated electrode-implanted control rats (n ‫ס‬ 11) were handled in the same way but not stimulated. The experimental protocols followed the European Communities Council directive 86/609/EEC and the Dutch Experiments on Animal Act (1997) and were approved by the University welfare committee.
Tissue preparation
At 4 h (n ‫ס‬ 1 SE; 1 non-SE), 24 h (n ‫ס‬ 6 SE; n ‫ס‬ 4 non-SE), 48 h (n ‫ס‬ 6 SE; n ‫ס‬ 4 non-SE), 1 week (n ‫ס‬ 7 SE; n ‫ס‬ 4 non-SE), 4 weeks (n ‫ס‬ 1 SE), 6 weeks (n ‫ס‬ 3 SE), and 3-5 months (n ‫ס‬ 25 SE; n ‫ס‬ 5 non-SE) after electrical stimulation, rats were anaesthetized with pentobarbital (Nembutal, Sanofi Santé B.V., France; 60 mg/kg) and perfusion-fixed through the ascending aorta with 0.37% Na 2 S solution followed by perfusion of 4% paraformaldehyde in 0.1 M phosphate buffer (PB) and 0.2% glutaraldehyde (pH 7.4). After in situ postfixation overnight (at 4°C), the brains were dissected and transferred to 30% sucrose in PB. After one night at +4°C, the brains were dissected into two halves by a cut along the interhemispheric fissure and frozen at −20°C to −30°C in 2-methylbutane. Ipsilateral and contralateral midbrains were stored separately at −80°C. Age-matched shamoperated controls (n ‫ס‬ 11) underwent the same procedures. Ipsilateral brain sections were cut on a cryostat at 20 m and pasted directly onto glass slides (SuperFrost Plus; Menzel-Glaser, Merck, Amsterdam, Holland) and stored at −80°C until use. Contralateral sections were cut at 40 m on a sliding microtome and stored in glycerol/ DMSO at −25°C. Both sides were used for TUNEL and immunostaining. Counts at the contralateral site were corrected for section thickness by using a correction factor based on the control counts (i.e., the number of cells counted in the hilar region on Nissl stain at ipsilateral site divided by the contralateral site count).
TUNEL staining
To identify dying cells, TUNEL staining was applied on tissue sections from dorsal (−4.10 mm to -4.60 mm relative to bregma) and ventral (−6.82 mm to −7.34 mm) horizontal levels of the hippocampus, as described previously with minor modifications (16, 17) . Prostate sections of a castrated Wistar rat were included as positive control (18) . In brief, after a short wash in 0.1 M PB, pH 7.4, mounted sections were placed in plastic jars, filled with 0.05 M citrate buffer, pH 6.0, and pretreated in a microwave oven for 5 min at 800 W, after which the jars were allowed to cool for 20 min (19) . Slides were then washed twice with 0.01 M PB saline (PBS), pH 7.2, and preincubated in proteinase K (PK) buffer (10 mM Tris/ HCl; 2.6 mM CaCl 2 ; pH 7.0), followed by 20 g/ml PK (Sigma Aldrich, Zwijndrecht, Holland) in PK buffer for 15 min at room temperature (RT), washed and incubated with terminal deoxynucleotidyl transferase (TdT) buffer (1 M sodium cacodylate, 0.125 M Tris/HCl in 1.25 mg/ ml bovine serum albumin (BSA); pH 6.6) for 15 min at RT before incubation for 60 min at 37°C in TdT buffer, containing per 100 l, 0.2 l TdT (Boehringer Mannheim, Germany), 0.5 l biotin-16-dUTP (Boehringer Mannheim, Germany), and cobalt chloride (25 mmol; 5% of the final volume). After rinsing in PBS (pH 7.4), endogenous peroxidase was blocked with 3% hydrogen peroxide (H 2 O 2 ) in PBS, and sections were preincubated with PBS/1% BSA before peroxidase-conjugated avidin (ABC-Elite kit; Vector Laboratories, Inc., Burlingame, CA, U.S.A.) 1:1,000 in PBS/1% BSA for 1.5 h at RT. Labeled DNA was visualized with 10 mg/ml diaminobenzidine (DAB; Sigma Aldrich, Zwijndrecht, Holland) in 0.05 M Tris/HCl (pH 7.5) with 0.02% H 2 O 2 , during which DAB development was monitored continuously. Sections were then washed and counterstained with cresyl violet.
Fluoro-Jade staining
Horizontal sections of control (n ‫ס‬ 4), 1 week (n ‫ס‬ 5), 6 weeks (n ‫ס‬ 3), and 3-5 months post-SE rats (n ‫ס‬ 8) and non-SE rats (n ‫ס‬ 4) were stained with FJ by using the method described by Schmued et al. (13) . Sections were mounted onto Superfrost Plus slides and dried overnight (37°C). They were immersed in absolute alcohol for 3 min followed by 70% ethanol for 1 min and distilled water for 1 min. The slides were transferred to 0.06% potassium permanganate for 15 min. After rinsing with distilled water (1 min), the slides were transferred to a 0.001% FJ solution (Histo-Chem, Inc., Jefferson, AR, U.S.A.) made in 0.1% acetic acid. Slides were rinsed in water, dried at 37°C, immersed in xylene, and coverslipped with entallan. Sections were analyzed with a laser scanning confocal microscope (Bio-Rad, MRC1024, Hercules, CA, U.S.A.).
Double immunofluorescence
To reveal the cellular identity, a subset of free-floating sections was double labeled by using fluorescent TUNEL that followed incubation with primary antibodies (Abs) against glial fibrillary acidic protein (GFAP; monoclonal mouse, Boehringer Mannheim, Germany; 1:500) as astrocyte marker, anti-rat CD11b/c (monoclonal mouse, OX42; Pharmingen, CA, U.S.A.; 1:100) as microglia marker, and NeuN (Mouse clone MAB377; Chemicon, Temecula, CA, U.S.A.; 1:1,000 all in PBS-BSA + 0.1% Triton) as neuronal marker.
Fluorescent TUNEL was identical as described earlier, except for the biotin-16-dUTP that was replaced with fluorescein-12-deoxy-UTP (Boehringer) and the TdT and PK concentrations were reduced to 50%. Primary antibodies were incubated overnight, and after washing, sections were incubated with CY3 goat anti-mouse immunoglobulin G (IgG) antisera (Zymed, San Francisco, CA, U.S.A.; 1:200), washed and mounted on Superfrost Plus slides for subsequent TUNEL staining. Sections were embedded in Vectashield and analyzed with a laser scanning confocal microscope (Bio-Rad, MRC1024, Hercules, CA, U.S.A.) equipped with argon-ion laser. In a subset of sections, we used NeuN (as neuronal marker) or OX42 (as microglial marker) immunostaining (with CY3 goat anti-mouse IgG antisera (Zymed, San Francisco, CA, U.S.A.; 1:200) followed by incubation with FJ.
Quantification of neuronal loss (Nissl stain)
The extent of structural cell loss in Nissl-stained sections in various brain regions of the ipsilateral and contralateral hemispheres was assessed at ×400 magnification by using grid morphometric techniques. Two sections per rat and per level (dorsal, ventral) were quantified. To avoid confusion with glial cells, neurons were defined as profiles >10 m (hilus) or 7 m (cortex) having an identifiable nucleolus. An ocular grid consisting of 5 × 5 box segments (240 × 240 m), was placed over the region of interest. For the entorhinal cortex (EC) layer, the medial part was analysed (mEC). Boundaries of each region were taken from the recent description of the hippocampal formation (20) . The anterior piriform cortex was evaluated at the ventral level (-7.1 mm to -7.4 mm relative to bregma; see also diagram in Fig. 3E ). Layer II, III, dorsal endopiriform nucleus, and claustrum were separately analyzed. For the different cortical layers, a linear 1 × 5 box was used. Typically nearly all of any specific layer would be included in the field. For hilar cell counts, a slightly different technique was used. To express the results as cell densities, we measured the hilar area by using Scion Image software (Scion Corporation, Maryland, U.S.A.) over digital images (camera HCS MXR Vision Technology, The Netherlands). The hilus was defined as the inner border of the granule cell layer (GCL) together with the area formed by two imaginary straight lines connecting the two tips of the GCL with the proximal end of the CA3c area. The number of hilar neurons was counted at ×200 magnification. Final neuron counts were calculated as the number of neurons per square millimeter. It should be emphasized that our neuron-counting methods are relative estimates and not absolute calculations of the number of hippocampal (parahippocampal, etc.) neurons. The neuron counts as used in this study can be considered reliable relative estimates at the specific dorsal and ventral level. Statistical differences in neuron counts between groups of animals can be accurately determined.
Quantification of TUNEL-positive cells
TUNEL-positive cells were quantified in the different hippocampal subfields as well as in the parahippocampal region and anterior piriform cortex (layer II, layer III, and dorsal endopiriform nucleus) of both hemispheres. Quantification was performed at ×400 magnification with a microscope rectangular grid. Two sections per level and per rat were analyzed. To account for tissue changes (swelling and/or shrinking), we measured the areas of the different regions (hippocampus, hilus, and the parahippocampal region) by using Scion Image software. TUNEL-positive cell numbers were then expressed as densities per region. Because the number of TUNELpositive cells was very low in control and chronic epileptic rats, the number of cells also was expressed per region in a dorsal/ventral section. The parahippocampal area included the presubiculum, parasubiculum, the sixlayered medial and lateral entorhinal cortex (mEC and lEC). Within the hippocampus, TUNEL cell counts were performed in the DG, CA1-3, and subiculum. To obtain the local distribution of TUNEL-positive cells in hippocampal and parahippocampal region and anterior piriform cortex, the labeled cells were plotted from sections with the aid of camera lucida and drawn in diagrams obtained from The Rat Brain atlas (21) . In several rats, TUNEL distributions were compared with a FJ stain distribution in a consecutive brain section.
Statistics
Mean values and SEMs were calculated. Differences in mean values were determined by use of one-way analysis of variance (ANOVA) followed by a post hoc test (Bonferroni, p < 0.05) or Kruskal-Wallis test followed by a Mann-Whitney test (p < 0.05). Statistics were determined from the raw data. Data on cell densities were normalized to the control densities (100%); a correlation between two ordinal variables was calculated by using a Spearman rank correlation test (p < 0.01) with statistics software (SPSS, Inc., for Windows, release 10).
RESULTS
Relation between duration of the SE and neurons in the hilar region
The SE was stopped after 4 h, but PEDs reappeared again after some time and could continue for several hours afterward. SE duration was quantified based on the duration of the period during which PEDs occurred in 17 rats that had developed a progressive form of epilepsy (p-SE rats; six of which were submitted to TUNEL evaluation) and in nine rats that had developed a nonprogressive form of epilepsy (np-SE rats; seven of which were evaluated with TUNEL) starting after the stimulation was stopped. The SE duration and number of daily seizures (during the last 2 weeks of EEG recording before killing) for individual p-SE and np-SE rats are indicated in Fig. 1A ; the corresponding mean SE duration for each group is indicated in the inset. The average SE duration appeared to last 1.7 times longer in p-SE rats (7.0 ± 1.1 hs in np-SE and 11.8 ± 0.9 h in p-SE rats; Student's t, p < 0.001). The average duration of an individual seizure also was measured. During the last 2 weeks before killing, seizures lasted at average ∼1 min, (72 ± 4 in np-SE rats and 58 ± 5 s in p-SE rats; p < 0.01). In chronic epileptic rats, at 3-5 months after SE, Nissl cell counts indicated that there was a significant negative correlation between the number of hilar cells and the duration of the SE (Fig. 1B ; Spearman rank correlation, r ‫ס‬ −0.66; p < 0.01).
Nissl densities in hippocampal and extrahippocampal regions
First we evaluated cell loss quantitatively by analyzing Nissl cell densities in selective hippocampal and extrahippocampal regions at different times after the SE. More specifically, we analyzed the hilus at dorsal and ventral levels, mEC layers II, III, and V/VI at the ventral level, and anterior piriform cortex including dorsal endopiriform nucleus and claustrum at the ventral level. Figure 2 shows changes in Nissl cell counts after SE on the ipsilateral site. There was a dramatic reduction in Nissl cell density within 1-2 days after SE at the ipsilateral hilus (A), mEC layer II/III (C), and layer II of the piriform cortex including the dorsal endopiriform nucleus/claustrum (E). Layers V/VI of the mEC and the deep layer of the piriform cortex were not significantly affected at this ventral level (7.1-7.4 mm below bregma). At more ventral levels, all piriform cortical layers (anterior and posterior) were very severely affected and almost completely filled with vimentin-positive astrocytes (not shown). These Nissl density measurements suggested that cell loss did not increase further beyond 1 week after SE. In other areas including the midline thalamic nuclei, perirhinal cortex, septal areas, and amygdaloid nuclei, cell loss was also observed during the earlier time points, but these areas were not further analyzed in detail. On the contralateral side, cell-density changes were essentially the same or slightly less than observed ipsilaterally, except in the hilus and piriform cortex, in which the reduction of cell density was far less dramatic in rats that had developed a nonprogressive form of epilepsy versus rats with a progressive form of epilepsy [see also (12) ]. In sections of non-SE rats, no significant change in cell density was observed in the entorhinal cortex (not shown) and piriform cortex (Fig. 2F) .
Evolution of TUNEL/Fluoro-Jade staining in hippocampal and extrahippocampal regions after SE TUNEL analysis in hippocampal and parahippocampal regions of controls revealed only a few positive cells. In stimulated rats, TUNEL cell numbers varied considerably over time, as did their morphology. During the first week, cells that were TUNEL positive showed mainly a shrunken morphology, whereas at later times (>3 months), the few cells that were TUNEL positive revealed sometimes apoptotic bodies. All TUNEL cells were quantified irrespective of their morphologic appearance. As indicated in Fig. 3A and B, TUNEL cell numbers were already robustly increased at 1 day after stimulation. The numbers reached a peak within 1 week after SE in all subregions of the hippocampus. After that, TUNEL cell numbers dramatically decreased. No significant difference was seen between the amount of stained cells at the dorsal and the ventral levels of the hippocampus or between ipsi-and contralateral sides (data not shown). Examples of the TUNEL labeling are shown in Fig. 4A (gcl, control) and 4B and C (CA3, CA1, 1 week after SE). In chronic epileptic rats (3-5 months after SE), the number of TUNEL cells in the hippocampus was low and not statistically different from that in control rats. In rats that had not experienced SE (non-SE rats), there was a small but nonsignificant increase of TUNEL cells during the first week after SE (Fig. 3C) .
TUNEL positivity in the parahippocampal region also showed a large increase during the first week after SE (Fig. 3B ), but the evolution was somewhat different compared with hippocampus. Most TUNEL positivity appeared during the first days after SE. Extensive TUNEL labeling in entorhinal cortex 1 week after SE was found mainly in layer III and parasubiculum where cell loss is prominent. In the anterior piriform cortex, cell death also was extensive during the first week and more extensive in layer II than in layer III ( Fig. 3E; 6B and C) . In the dorsal endopiriform nucleus, TUNEL labeling was extensive during the first week (Fig. 3E) .
In epileptic non-SE rats that had not experienced SE after electrical stimulation, an increase of TUNEL cells was observed in the ventral parahippocampal region dur-
FIG. 1. A:
Relation between the duration of the status epilepticus (SE) and the later individual seizure activity in progressive epileptic rats (solid squares) and nonprogressive epileptic rats (open squares) during the last 2 weeks before perfusion. The average group data (inset 1A) indicate that rats with a progressive form of epilepsy had a significant longer SE than did rats with a nonprogressive form of epilepsy. B: Relation between the duration of the SE and the number of hilar Nissl cells at dorsal hippocampus after SE. There is a significant negative correlation (r = -0.66; p < 0.01) between the duration of the SE and the hilar cell number of the three groups.
ing the first week after SE, which was significant at 1 week after stimulation (Fig. 3D) . Non-SE rats did not show increased numbers of TUNEL cells at later times (3-5 months).
The fact that a large number of TUNEL cells was present during the first week after SE led us to investigate whether these cells were astrocytes or microglial cells, because particularly these cell types proliferate extensively during the first week after SE (22, 23) . After double immunolabeling of TUNEL with NeuN, GFAP, and OX42 (identifying neurons, astrocytes, and microglia, respectively), no double labeling could be detected for any of these markers. Reactive microglia enwrapping TUNEL-labeled cells was frequently observed (Fig. 4C) .
FJ staining of brain sections of post-SE rats showed essentially the same pattern as observed with the TUNEL labeling (Compare Fig. 4B-E and 4C-F) . The advantage of the FJ stain lies in the fact that the neuronal morphology still can be visualized, including dendritic processes (see, for instance, Fig. 4F and H) . Despite the clear neuronal morphology, double labeling of post-SE sections with NeuN showed that FJ-positive cells were not still recognized by the antibody (e.g., Fig. 4 H and I ). In the same sections, the granule neurons were NeuN positive.
Chronic seizure activity and cell death
SE can lead to distinct evolution of spontaneous seizure activity with either a progressive increase of seizure activity in 67% or a nonprogressive form in 33% of the rats (12) . We investigated tissue of p-SE rats (n ‫ס‬ 6) and np-SE rats (n ‫ס‬ 7) and compared this with tissue of non-SE rats (n ‫ס‬ 2; these also experience a nonprogressive form of epilepsy after a longer latent period) and control tissue (n ‫ס‬ 11, age matched). Figure 5 shows the relation between individual seizure activity, expressed as the number of daily seizures during the last 2 weeks before perfusion, and the number of TUNEL cells encountered in hippocampal (A) and parahippocampal sec- tions (B) of the three groups (indicated with different symbols), including the control group. In the chronic phase, TUNEL cell numbers were very low, but they could be encountered in all regions including the relatively seizure-resistant GCL and presubiculum. The averages of the hippocampal and parahippocampal TUNEL-positive cell counts (here expressed as TUNEL cells per region) and several seizure-activity parameters of each group are shown in Table 1 . TUNEL cells were not increased in p-SE rats with more frequent and more recent seizures compared with rats of the np-SE group. In the hippocampus, the number of TUNEL cells was quite comparable between the two epileptic post-SE groups and tended to be slightly (not significantly) higher than that in controls. In the parahippocampal region, the number of TUNEL cells was comparable for both post-SE groups but considerably higher than in controls (p < 0.05; Table 1 ). In non-SE rats that also experienced chronic seizures without progression, TUNEL cell numbers were comparable to those of controls.
FJ stain corresponded largely to the TUNEL stain, as shown by others (24, 25) , especially during the first weeks after SE (compare Fig. 4B and 4E) . FJ stain in 6-week post-SE rats still revealed some positive cells in the CA1-3 region (Fig. 4J ) and the piriform cortex (Fig.  6D ). They were positioned in the pyramidal cell layer and did not colocalize with microglia (Fig. 4J) . In sections of rats of >3 months, no individual neurons were labeled anywhere in the hippocampus (Fig. 4L) and parahippocampal region in dorsal and ventral brain sections. In some ventral sections, there was still increased fluorescence in piriform cortex, but individual cells with neuronal morphology were not observed. In several regions (hilus, parasubiculum), though, FJ-positive cells with astrocyte-like morphology were observed (Fig. 4K) .
DISCUSSION
The new and most important finding of this study is that (para)-hippocampal cell loss is related not to the frequency of spontaneously occurring seizures, but rather to the duration of the initial SE. Furthermore, we show that the majority of cells that die as a consequence of the initial SE, degenerate in the course of the first week after SE, which is in agreement with previous reports (9, (26) (27) (28) (29) . Finally, the extent of hilar cell death is related to SE duration and to the later progression of the disease. These findings extend previous reports because we investigated a longer time period, including both the latent period (first week after SE) and the chronic epileptic phase (3-5 months after SE). These findings can have important implications for the management of TLE, in particular, with respect to the timing of the treatment with neuroprotectants.
Duration of status epilepticus and cell death
In our model, most TUNEL-and FJ-positive cells were encountered during the first week after SE. Cell death was more obvious in specific regions (hilus, EC layer III) but occurred in all regions investigated. A significant negative correlation was seen between the number of surviving hilar neurons and SE duration. Interestingly, rats that experienced a shorter SE appeared to have a better prognosis to develop a nonprogressive form of epilepsy (Fig. 1A) . Although the exact pathway remains controversial, both apoptotic and necrotic cell death occur after SE (29) (30) (31) (32) , and cells with both apoptotic and necrotic morphology were found in our current model as well. This issue might be relevant for therapeutic intervention because neuronal degeneration could be attenuated by inhibition of caspase-3-like enzyme activity (33) . The Nissl density counts indicated that the decrease in density was obtained within the first day after SE with no significant change thereafter, suggesting that cell loss beyond 1-2 days after SE is minimal. However, because the hilar area is larger at these times, indicating swelling of tissue, a considerable additional number of cells die during the first week. Even at 6 weeks after SE, a significant number of TUNEL/FJ-positive neurons were still observed. This illustrates that stereologic measurements alone are not sufficient to assess whether cell loss occurs. Our finding that the majority of degenerating cells die during the first week suggests that the time window for a possible intervention to influence the epileptogenic process could last for at least several days in this rat model.
The fact that the pattern of TUNEL-labeled cells largely corresponded with the pattern of FJ-stained cells with clear neuronal morphology emphasizes that it is likely that the majority of TUNEL-labeled cells also were neurons. We were not able to double-label these cells with glia markers in similar tissue. However, in our hands, double labeling of FJ-positive cells with NeuN also was not possible, although the cells had a clear neuronal morphology including dendritic processes (13) . This may relate to the fact that TUNEL-or FJ-positive cells in this stage of their death have lost their protein markers and therefore cannot be identified by doublelabel immunocytochemistry. Apparently during the first week after SE, increasing and additional numbers of neurons show DNA fragmentation and are not removed immediately. In view of the high number of TUNELpositive cells during the first week after SE, it is at least likely that these labeled cells have a more extended expression than generally thought.
Brief spontaneous seizures do not cause cell death
At first glance, the increased number of TUNEL cells encountered in p-SE rats might suggest that the occurrence of seizures indeed contributes to progression of cell death. However, this is not the case, taking into consideration the following findings: (a) rats with frequent progressive seizure activity (more than eight seizures per day) had their last seizure within several hours before perfusion. Nevertheless they did not have more TUNEL-positive cells in the hippocampal or parahippocampal region than did rats that had their last seizure several days before perfusion (Table 1) , with on average only one to two seizures per week; (b) rats that had not had SE (non-SE) showed significantly fewer TUNEL cells in these areas than did either of the post-SE groups, although they had had a comparable number of seizures during their lifetime to those of the np-SE rats; (c) with FJ, we did not observe any positively labeled neurons in rats at >3 months, suggesting that the TUNEL-positive cell counts may include some nonneuronal elements as well. These data indicate that the increased TUNEL labeling is a consequence of the aftermath of the SE and not of the individual seizure activity. The FJ staining strengthens this conclusion even more, because no individually damaged neurons were found in 3-5 months post-SE rats. Because the window for which the cells would be TUNEL/FJ-positive may be only a few hours, one could argue that we have missed ongoing cell death because of the limited sampling of TUNEL-and/or FJpositive neurons in the chronic epileptic phase. However, the fact that rats with progressive seizure activity had an average 8.9 seizures per day (Table 1) means that the mean interval between seizures was 2.7 h. Nevertheless, the rats did not show increased positivity in comparison to rats that had their last seizure several days before death ("nonprogressive"). Therefore we think that it is not very likely that TUNEL/FJ positivity could have been missed because of a too-long time interval after the last seizure. Moreover, the fact that we did not find a further decrease in neuronal densities argues also against this point. Our data contrast to what has been reported in pilocarpinetreated rats, in which rats with multiple seizures had more damaged neurons than did animals with single seizures (34) . This discrepancy might be related to the different staining technique or to other factors (shorter time window after the initial SE used in the latter study). However, our findings are in agreement with a recent study that appeared during revision of our article, in which similar staining techniques were used in tissue of chronic epileptic rats (35) . Cell damage 2 months after kainate-induced SE also was observed in CA1, thalamus, and piriform cortex, using the FJ B staining method (36) . At this time, we still found increased fluorescence in piriform cortex, but individual cells with neuronal morphology could not be discriminated. Astrocytes in severely affected regions such as hilus and parasubiculum also showed increased fluorescence. This might reflect astrocytic activation (36) .
Our findings show that the extent of cell death in the chronic epileptic phase in our rat model is not related to the frequency of spontaneous seizures. Previous studies had indicated that electrically evoked seizures actually cause progressive cell loss, suggesting that hippocampal sclerosis in human epilepsy may be acquired as a consequence of repeated seizures (2, 3, 37, 38) . Apparently neurons are more sensitive to seizures evoked by electrical stimulation than to spontaneously occurring seizures. However, the previously published kindling studies associated neuronal loss with stage 5 or greater seizures. These are very robust significant seizures with secondary generalization and perhaps secondary hypoxic ischemia during the events. In humans, an association with hippocampal neuronal loss and the presence of secondarily generalized seizures was found (39) . In all rats that we included in this study, we observed generalized tonic-clonic seizures [stage 4-5 on the scale of (15)] during the chronic epileptic phase, although partial seizures also were observed. Therefore, we cannot exclude that the difference between these studies may relate to the severity of the evoked or spontaneous seizure. Our present findings indicate that seizures do not lead to cell death when they occur spontaneously and are generalized with restricted duration (on average, 1-2 min). This suggests that the sclerosis is likely related to events other than the frequency of spontaneous seizures. Accordingly, it is possible that in human patients, hippocampal sclerosis is induced by a previous brain insult or by some kind of predisposition. This latter possibility is supported by the observation of a preexisting hippocampal lesion, as encountered by using magnetic resonance imaging (MRI) studies in humans (40, 41) .
Notwithstanding these observations, several longitudinal MRI studies suggested that a progressive decrease of hippocampal volume may result from the cumulative effect of brief recurrent seizures in humans (42) (43) (44) (45) and in pilocarpine-treated rats (46) . Nevertheless, a decrease in hippocampal volume was found in only four of 33 epilepsy patients in a 3.5-year follow-up study (47) . Moreover, it must be realized that a reduction in volume does not necessarily indicate neuronal loss. Shrinkage of neurons and surrounding cells could also contribute to the observed volume reductions. In addition, it is not clear from patient studies whether the TLE syndrome is the only underlying etiology and/or whether medication can have an effect on hippocampal volumes. We should note that the duration of the epilepsy in the rat model is quite different from that in the human. Although the time scales are very different, we may assume that a 3-to 5-month post-SE rat is comparable with a patient that has TLE for a couple of years.
CONCLUSIONS
In conclusion, our data indicate that cell death is not related to seizure frequency when seizures occur spontaneously and are of restricted duration. Therefore it is unlikely that drugs that interfere with cell-death pathways or reorganization will be of any use at the chronic epileptic phase, if seizures are relatively short (<2 min). These data emphasize the importance of an early intervention directed to minimize the effects of SE to prevent progression of epilepsy.
